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 
4VNNBSZ
5IFTPDJBMXFMGBSFTZTUFNTPGGJOBODJBMMZTUSPOHDPVOUSJFTIBWFDPNFVOEFSJODSFBTJOH
QSFTTVSF JO SFDFOU ZFBST 5IF GBDUPST SFTQPOTJCMF JODMVEFE
 OPU MFBTU PG BMM
 UIF
EFNPHSBQIJD USFOE XIJDI MFE UP B TUFBEZ JODSFBTF JO UIF FMEFSMZ
 B TFDUJPO PG UIF
QPQVMBUJPOXIJDIJTFYQFOTJWFJOXFMGBSFUFSNT"UUIFTBNFUJNF
ESVHNBOVGBDUVSFSTk
MVDSBUJWFQBUFOUSJHIUTSBOPVUBOEOVNFSPVTHFOFSJDTNBOVGBDUVSFSTSVTIFEPOUPUIF
NBSLFU3FTFBSDIBOEEFWFMPQNFOU
XIJDIXBTCFDPNJOH JODSFBTJOHMZFYQFOTJWF
EJE
OPU IPXFWFS QSPEVDF B DPSSFTQPOEJOH JODSFBTF JO UIF OVNCFS PG DPNNFSDJBM
TVDDFTTFT UP NBLF VQ GPS UIF MPTU TBMFT *OTUFBE
 PWFS UJNF B DIBTN PQFOFE VQ
CFUXFFO UIF JOWFTUNFOUDPTUTBOEUIFOVNCFSPGQIBSNBDFVUJDBMTCSPVHIU UPNBSLFU
CZ UIF SFTFBSDICBTFE JOEVTUSZ "MTP
 UIF BVUIPSJUJFT NBEF JODSFBTJOHMZ TUSJOHFOU
RVBMJUZEFNBOET
QBSUJDVMBSMZPGDPNQBOJFTPQFSBUJOHXPSMEXJEF
$POTFRVFOUMZ
 QIBSNBDFVUJDBM JOEVTUSZ NBOBHFST IBE UP JODSFBTF CPUI DBQBDJUZ BOE
RVBMJUZ
 XIJMTU BDUJWF TVCTUBODFT BOE UIF DPSSFTQPOEJOH ESVH GPSNT CFDBNF
JODSFBTJOHMZ DPNQMFY BOE FYQFOTJWF UP QSPDFTT *O UIF QBTU JU IBT CFFO QPTTJCMF UP
NBLF POMZ JOBEFRVBUF JNQSPWFNFOUT JO UIJT TJUVBUJPO CZNFBOT PG USBEJUJPOBM RVBMJUZ
DPOUSPM JO BDDPSEBODF XJUI UIF DVSSFOU QIBSNBDPQPFJB *OTUFBE
 B OFFE BSPTF GPS
NPEFSONPOJUPSJOH TZTUFNTXIJDI UIF64IFBMUI BVUIPSJUZ '%" JOUFOEFE UPNFFUCZ
TVQQPSUJOHkQSPDFTTBOBMZUJDBMUFDIOPMPHJFTk	1"5
1"5XBTSFHBSEFEBTBHFOFSJDUFSN
GPS QSPEVDUJPOCBTFE TZTUFNT GPS NPOJUPSJOH DSJUJDBM RVBMJUZ BOE QFSGPSNBODF
QBSBNFUFST 5IF BJNXBT GJSTUMZ UP JODSFBTF UIF RVBMJUZ PG UIF GJOJTIFE QSPEVDUT BOE
TFDPOEMZUPSFEVDFNBOVGBDUVSJOHDPTUTJOUIFMPOHUFSN
8JUIJO UIF (BMFOJDBM #VML 0QFSBUJPOT EFQBSUNFOU BU ' )PGGNBOO-B 3PDIF -UE JO
#BTFMUIJTBQQSPBDIXBTUPCFJOWFTUJHBUFEJOBGFBTJCJMJUZTUVEZ5IFFYBNQMFVTFEXBT
BGSFF[FESZJOHMJOF
TJODFMZPQIJMJ[BUJPOJTCZOBUVSFBUFDIOJRVFXJUIDPNQMFYQSPDFTT
TUBHFTBGGFDUJOHRVBMJUZXIJDIBSFEJGGJDVMUUPNPOJUPS5IFSFTJEVBMNPJTUVSFDPOUFOUJT
SFDPHOJ[FE BT CFJOH POF PG UIF NPTU DSJUJDBM QBSBNFUFST CFTJEFT QSPEVDU TUFSJMJUZ
5SBEJUJPOBMMZ
 UIF SFTJEVBMXBUFSDPOUFOUPO SFMFBTFXBTEFUFSNJOFECZRVBMJUZDPOUSPM
QFSGPSNFE VTJOH SBOEPN ,BSM 'JTDIFS 	,'
 UJUSBUJPOT *G UIF NFBO PG UIFTF
EFUFSNJOBUJPOTEJEOPUNFFU UIFTQFDJGJDBUJPOT
 UIFFOUJSFCBUDIIBE UPCFEFTUSPZFE

4VNNBSZ

XJUIJTPMBUFEPVUMJFSTPDDBTJPOBMMZDBVTJOHMBSHFOVNCFSTPGSFKFDUT5IFBCJMJUZUPSFKFDU
JOEJWJEVBMDPOUBJOFSTUIBU MBZPVUTJEFUIFTQFDJGJDBUJPOTUIFSFGPSFPGGFSFEDPOTJEFSBCMF
QPUFOUJBM GPS GJOBODJBM TBWJOHT
 BMUIPVHI UIJT DPVME CF EPOF POMZ JG B DPNQMFUF
JOTQFDUJPOXBTNBEFGPSUIJTUFTUDSJUFSJPO
5IFBJNPGUIJTTUVEZXBTUPEFWFMPQBOJOMJOFBOBMZUJDBMNFUIPEGPSEFUFSNJOJOHUIF
SFTJEVBMXBUFSDPOUFOU0OFPGUIFCJHHFTUDIBMMFOHFTXBTUIFMJOFTQFFEPGVQUP
PCKFDUT UP CF BOBMZ[FE QFS NJOVUF *O B GJSTU TUBHF B OPOEFTUSVDUJWF SFTJEVBM XBUFS
BOBMZTJTXBTUPCFEFNPOTUSBUFEPOBMBCPSBUPSZTDBMFVTJOHUIFWBSJPVTMZPQIJMJ[BUFT
5IFO
 UP DIFDL UIF BQQMJDBCJMJUZ PG UIJTNFUIPE JO B EZOBNJD JOTQFDUJPO
 B QSPUPUZQF
XBT UPCFVTFE UPTJNVMBUF UIFQSPEVDUJPO MJOF *G GFBTJCJMJUZXBTFTUBCMJTIFE
BDDPVOU
XBTBMTPUPCFUBLFOPGDPTUFGGFDUJWFOFTTJOUIFJOWFTUNFOUTOFFEFEUPJNQMFNFOUUIF
QSPHSBN
/FBSJOGSBSFE 	/*3
 TQFDUSPTDPQZ XBT VTFE BT OPOEFTUSVDUJWF NFUIPE TJODF JO
QSJODJQMFJUBMMPXTUIFSFTJEVBMNPJTUVSFDPOUFOUUPCFEFUFSNJOFEJOMJOF5IFTUBSUJOH
TJUVBUJPO BOE BOZ TQFDJBM QSPEVDU DIBSBDUFSJTUJDT XFSF JOWFTUJHBUFE JO BO JOJUJBM
FWBMVBUJPO QIBTF 5XP TQFDUSPNFUFST GSPN EJGGFSFOU TVQQMJFST XIJDI VTFE EJGGFSFOU
UFDIOJRVFTXFSFDPNQBSFEBTSFHBSETVTFJOBOJOMJOFBQQMJDBUJPO5IFNPTUTVJUBCMF
"05'EFWJDFXBTVTFE UPQFSGPSN GVSUIFSTUVEJFTPOB MBCPSBUPSZ TDBMF5IJTBMMPXFE
UIF GFBTJCJMJUZ PG SFTJEVBM XBUFS EFUFSNJOBUJPO DPNQBSFE UP ,' UJUSBUJPO UP CF
FTUBCMJTIFEXJUIHPPEBDDVSBDZ
$PMMBCPSBUJPOXJUIBNFDIBOJDBMFOHJOFFSJOHDPNQBOZXBTOFDFTTBSZGSPNUIFPVUTFU
JOPSEFSUPEFTJHOBGVUVSFQSPDFTTBVUPNBUJPOTZTUFNJOBDDPSEBODFXJUIUIFTQFDJGJD
SFRVJSFNFOUT " TJNVMBUPS XBT EFWFMPQFE PO UIF CBTJT PG UIJT QSPDFTT VOJU XIJDI
BMMPXFEBMMUIFFYJTUJOHGPSNBUTUPCFGFEUPUIF/*3TFOTPSBUQSPDFTTTQFFE"OPUIFS
UPPMXBTDSFBUFEBUUIFTBNFUJNFXIJDINJHIUMBUFSCFVTFEGPSUIFEFWFMPQNFOUBOE
WBMJEBUJPOPGMZPQIJMJ[BUJPODZDMFT*OBEEJUJPO
SBQJEMZDIBOHJOHSFHVMBUPSZSFRVJSFNFOUT
OFDFTTJUBUFE DVTUPNFSTQFDJGJD NPEJGJDBUJPOT UP UIF TPGUXBSF %ZOBNJD DBMJCSBUJPOT
XFSFQSPEVDFEBOE JO UIJTXBZ/*3BOBMZTJTXBTQFSGPSNFETVDDFTTGVMMZXJUINPWJOH
TBNQMFT
 
.BOVBM BOE TFNJBVUPNBUJD PGGMJOF BOE BUMJOF JOTQFDUJPOT PG XIPMF CBUDIFT XFSF
QFSGPSNFE PO UIF CBTJT PG WBMJEBUFE /*3 NPEFMT BOE QSPWJEFE B CFUUFS JOTJHIU JOUP
JOEJWJEVBMQSPEVDUDIBSBDUFSJTUJDT2VBMJUBUJWFBOERVBOUJUBUJWFDIFNPNFUSJDDBMJCSBUJPO
NFUIPETXFSFVTFE
CBTFE POQSJODJQBM DPNQPOFOUT BOBMZTJT 	1$"
 BOEQBSUJBM MFBTU
TRVBSFT 	1-4

 BOE DPNQBSFE BT SFHBSET UIFJS BEWBOUBHFT BOE EJTBEWBOUBHFT *U
FNFSHFEUIBURVBMJUBUJWFNPEFMTXFSFCFUUFSTVJUFEUPSPVUJOFPQFSBUJPO
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Table A-1: Attributes and registered values of the freeze-dried products in question.  
Product C 400 mg and Product D were either under development or revalidation and were 
just mentioned for completeness. 
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Figure B-1: Overview of relevant GMP guidelines. GMP = Good Manufacturing Practices,  
EC = European Community, PIC = Pharmaceutical Inspection Convention, and its successor 
organization PICS = Pharmaceutical Inspection Cooperation Scheme. 
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Table B-1: Parameters used to evaluate analytical methods.

 
5IFBDDFQUBODFDSJUFSJB GPS WBMJEBUJPOPG BNFUIPE TIPVMECF TQFDJGJFE JOBEWBODF JO
BDDPSEBODFXJUIDVSSFOUQSBDUJDF%FUBJMTPGBDUVBMJOUFSOBUJPOBMDSJUFSJBBSFHJWFOJOUIF
SFGFSFODFT
 

#2VBMJGJDBUJPOPGBOBMZUJDBMBQQBSBUVT
2VBMJGJFE MBCPSBUPSZ BQQBSBUVT NVTU CF VTFE UP WBMJEBUF BOBMZUJDBM NFUIPET 5IF
QVSQPTF PG RVBMJGZJOH BOBMZUJDBM BQQBSBUVT JT UP UFTU BOE HVBSBOUFF UIF QSPQFS
GVODUJPOJOH PG UIF BQQBSBUVT CZ NFBOT PG BQQSPQSJBUF UFTUJOH %FQFOEJOH PO UIF
QSJODJQMFPGNFBTVSFNFOU	FH677*4

UIFQIBSNBDPQPFJBTTUBUFMJNJUTXIJDINVTU
CFBDIJFWFE
$IBQUFS#5IFPSFUJDBMCBDLHSPVOE

/FXQVSDIBTFT BOEEFWFMPQNFOUPG JOTUSVNFOUT TIPVME QSPDFFE JO BDDPSEBODFXJUI
UIF7NPEFM

4VCTFRVFOU SPVUJOFDPOEJUJPOTEFUFSNJOFVTFS SFRVJSFNFOUT
XIJDIBSF
UIFO VTFE UP EFGJOF TZTUFN TQFDJGJDBUJPOT BOE UIF UFDIOJDBM EFTJHO %FTJHO
RVBMJGJDBUJPOQSPWJEFTQSPPGUIBUUIFTZTUFNIBTCFFOQMBOOFEJOBDDPSEBODFXJUIVTFS
SFRVJSFNFOUT BOE XJUI SFMFWBOU TUBOEBSET 6TFS BOE TVQQMJFS PGUFO BHSFF B
QFSGPSNBODFTQFDJGJDBUJPOGPSUIJTQVSQPTF"GUFSQVSDIBTFPSEFWFMPQNFOU
JOTUBMMBUJPO
RVBMJGJDBUJPOJTQFSGPSNFE5IJTJTUBLFOUPNFBOEPDVNFOUFEQSPPGUIBUUIFTZTUFNJO
RVFTUJPOIBTCFFOEFMJWFSFEJOJUTFOUJSFUZBOEDPSSFDUMZJOTUBMMFE1SPQFSGVODUJPOJOHPG
UIFBQQBSBUVTJTFOTVSFEJOUIFDPOUFYUPGPQFSBUJPOBMRVBMJGJDBUJPO
XIJMFQFSGPSNBODF
RVBMJGJDBUJPO QSPWJEFT QSPPG UIBU UIF DPSSFTQPOEJOH BQQBSBUVT PQFSBUFT BDDPSEJOH UP
QMBOJOSPVUJOFVTF
User
requirements
Performance
qualification
PQ
System
specifications
Technical
design
Development
Installation
qualification
IQ
Operational
qualification
OQ
Design
qualification
DQ Acc
or
din
g t
o
Ac
co
rdi
ng
 
to
Ac
co
rdi
ng
 
to
Ac
co
rdi
ng
 
to
Ac
co
rdi
ng
 
to

Figure B-2: V-model for the purchase and development of analytical devices. The terms are 
defined in the accompanying text. 
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Figure B-3: Illustration of the ’DMAIC’ procedure according to the Six Sigma concept. 
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Figure B-4: Higher sigma indicates better processes. The pharmaceutical industry is 
typically located between two and three V which is a sign for poor productivity. 
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Figure B-5: Definition of PAT proposed by the CDER.
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Figure B-6: Paradigm shift to the process control philosophy considering tablet 
manufacturing as an example: (a) end of phase testing of quality, to reduce the risk in 
moving to the next stage, (b) continuously or more frequently quality testing during each 
phase, to recognize deviations right in time to take measures. The amount of classical 
laboratory control can be reduced. 
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Figure B-7: Options for introducing PAT. *A step-by-step approach, one unit operation at a 
time similar to option B, is also an option.
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Figure B-8: Illustration of the meaning of the terms in-line, on-line, at-line, and off-line. 
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Figure B-9: Example of overall cycle times: without respect to the product, QC testing times 
are significant.
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Figure B-10: The phase diagram of water and a water solution illustrating the process steps 
of freeze drying with 'Tf = freezing point depression, 'p = vapor pressure depression,  
'Tb = boiling point increase, 'Tr = triple point (not according to measuring units).
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Figure B-11: The temperature and the pressure characteristics of a typical freeze drying 
cycle. >  
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Figure B-12: Heat transfer and vapor transport during sublimation.
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Figure B-13: Illustration of different spectral ranges: from the ultra-violet (UV) about the 
visible (VIS) and the infrared (IR) to the microwaves. 
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Equation B-1: Hookes law valid for on ideal diatomic harmonic oscillator, with  
Q = vibrational frequency, k = classical force constant, P = reduced mass of the two atoms. 
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Figure B-14: Potential energy diagram of vibrational mode calculated as (a) an ideal 
harmonic diatomic oscillator, and (b) an actual anharmonic diatomic oscillator  
(Epot = potential energy, ED = dissociation energy, r0 = interatomic distance, Qx = energy 
level). E  
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Equation B-2: Valid for Q = 0, 1, 2, ... and h = Planck’s constant. 
3FXSJUUFOVTJOHUIFRVBOUVNUFSNIν
UIFFRVBUJPOSFEVDFTUP&RVBUJPO#
νν KY( ⋅


+=
2
1

Equation B-3: Valid for Q = 0, 1, 2, ... and h = Planck’s constant. 
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Equation B-4: Valid for Q1, Q2, Q3... = 0, 1, 2, ... and h = Planck’s constant. 
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Equation B-5: The anharmonic oscillator, where Ze = (½ S) (ke / P)½ = vibrational frequency, xe 
= anharmonicity constant, ke = anharmonicity force constant, and P = reduced mass of the 
two atoms. 
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Equation B-6: Computation of the first overtone wavelength of an exemplary fundamental. 
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Equation B-7: Calculation of the degrees of freedom. 
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Figure B-15: Illustration of the anharmonic vibrations of SO2. OO  
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Table B-2: Band assignments for the infrared spectrum of SO2. O	U  
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Figure B-16: Table of near-infrared absorption bands of common functional chemical 
groups assigned to overtones and combinations. OV  
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Figure B-17: Illustration of NIR measurements in diffuse reflectance and transmittance 
mode. 
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Figure B-18: Overview of the different sampling modes that can also be combined. 
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Figure B-19: Emission intensities of light sources used in spectroscopy. OW  
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Equation B-8: Fourier transformation, with a0 = average of the spectrum (mean term),  
ai and bi = weighting factors (or coefficient pairs), for n = 1, 2, 3, ... is the Fourier index. 
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Figure B-20: Michaelson interferometer (a = light source, b = beam splitter, c = moving 
mirror, d = fixed mirror, e = sample, f = detector). The resolution of the scan is dependent on 
the moving distance of the mirror c. 

Figure B-21: The Bomem Michelson Interferometer, an interference-type spectrometer with 
moving wishbone scan arm and cubic mirrors. The helium-neon laser serves as wavelength 
reference for self-readjustment. OZ  
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Equation B-9: Computation of the refractive angle, where O = optical wavelength in air,  
fa = acoustic frequency, Va = acoustic velocity, 4 = angle between the incident and the 
diffracted laser beam. 
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Equation B-10: Computation of the intensity of the diffracted light. 
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Figure B-22: Schematic drawing of the AOTF crystal. Oe  
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Equation B-11: Bragg’s law, with m = order of diffraction, O = wavelength (of light emitted),  
d = distance between lines of the grating, T = angle of diffraction. 
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Figure B-23: PCA derives a model that fits the data as well as possible in the least squares 
sense. Alternatively, PCA may be understood as maximizing the variance of the projection 
coordinates. Each observation is projected onto this line in order to get a coordinate value 
along the PC-line. This value is known as a score. 
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Figure B-24: The principal component loadings uncover how the PC model plane is inserted 
in the variable space. The loadings are used for interpreting the meaning of the scores. 
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Equation B-12: The first term represents the variable averages and originates from the 
preprocessing step. The second term is the matrix product and models the structure. The 
third term, the residual matrix E, contains the noise. 
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Figure B-25: A matrix representation of how a data table X is modeled by PCA. 
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Figure B-26: A regression situation with K wavelengths (X-matrix) and M response(s)  
(Y-matrix). The length of each coordinate axis has been standardized by scaling to unit 
variance. 
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Figure B-27: In a regression problem, the observations can be understood as two point 
swarms, one in the predictor (X) space and one in the response (Y) space. 
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Figure B-28: With a single y-variable, the Y-space reduces to a one dimensional vector. The 
first component of the PLS model will therefore orient itself so that it well describes the 
point swarm in the X-space while at the same time giving a good correlation with the  
y-vector. The projections of the observations onto the line in the X-space give the score of 
each observation. These are new coordinate values of the observations and they form the 
score vector t1. This vector summarizes the information in the original x-variables. 
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Figure B-29: An illustration of the y-residuals remaining after the first PLS component. The 
residual vector f1, obtained by subtracting (1) from y, is shorter than the vector consisting of 
the measured data. Therefore the first component has explained a large part of the response 
variation. 
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Figure B-30: The second projection coordinate (i.e. the second latent variable) in the  
X-space is orthogonal to the first one. By projecting the observations onto this line one 
obtains the score vector t2. In part (b) of the figure, we can see how the second score vector 
times the second loading c2, correlates with the y-residual f1, after the first dimension. The 
two components together define a plane in the X-space. 
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Figure B-31: A comparison of Figure B-28 and Figure B-31 indicates that the y-variable is 
better modeled with two components than when using only one component. Geometrically, 
(2) is interpretable as the result of the vector addition of PC 1 and PC 2 in the X-space. 
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Figure B-32: Schematic illustration of the explanatory power of a PLS. After one PC, the y-
residual f1, is significantly smaller than the spread of the measured variable. The situation is 
even better after the inclusion of the second component, and the residual f2. 
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Equation B-13: Due to inner relation there are two formulas leading to Y. 
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Figure B-33: Illustration of the matrix relationships in PLS, described by the PLS scores T 
and U, the X-loadings P’, the X-weights W’, and the Y-weights C’. The variation in the data 
that was left out of the modeling forms the E and F residual matrices. 
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Figure B-34: Flow chart for multivariate calibration of NIR data. 
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Equation B-14: Formula to compute the absorbance A, with I = intensity of radiation passing 
through or reflected from the sample, I0 = intensity of the incident light, T and  
R = transmittance and reflectance, respectively. 
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Equation B-15: The Kubelka-Munck function with K = true absorbance, S = scatter,  
R = reflected light. R is defined as R = I / I0 intensity of the incident light. 
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Equation B-16: If c’ = lg (c) is sample dependent, this will cause an additive baseline 
difference between the samples, i.e. an additive effect in the absorbance values.
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Equation B-17: The Multiplicative Scatter Correction with offset Ai and slope Bi. The index i 
stands for all individual objects in the data set. 
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Figure B-35: Course of the current over the time in a coulometric titration. 
5IFBSFBVOEFSUIFDVSWFFRVBMTUIFOVNCFSPGDPVMPNCTVTFEBOEJTQSPQPSUJPOBMUP
UIF SFEVDFE JPEJOFNPMFDVMFT"T UIF DPOUSPM PG DVSSFOUT JT IJHIMZQSFDJTF
 UIFXBUFS
FRVJWBMFOUDBOCFEFUFSNJOFECZUIJTFMFDUSJDBMDIBSHF
GW,4 H
I J
∫=
0

Equation B-18: Calculation of the required charge by means of the current IE and the time of 
analysis tE. 
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Table C-1: Overview about the product specifications. 
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Figure C-1: Duplicate TGA analysis of Product A 20mg. At approx. 60 °C the greatest loss of 
mass per unit time occurs, while the lyophilizate decomposes above approximately 140 °C 
(The corresponding plots for the other products are attached in the appendix). 
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Table C-2: Guideline values for drying temperatures. 
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Table C-3: Stated relative air humidity over a saturated potassium dihydrogen phosphate 
solution at ambient temperature.
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Equation C-1: Computation of the sample mass increase. 
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Figure C-2: Absolute mass increase over 2 hours averaged of 3 samples per product. The 
scale was divergent because the fill mass of Products C and D was a multiple of that of 
Product A. 
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Equation C-2: Accurate computation of the water content determined by KF titration. 
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Equation C-3: The variation in fill mass was much higher than the mass increase due to the 
water absorption. 
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Equation C-4: Simplified estimation of the water increase in percent. 
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Figure C-3: The mass increase resulting from water absorption was divided by the target fill 
mass of the product in question. 
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Table C-4: Typical baseline water content of the different dosage forms. The widest variation 
was found for Product D. 
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Figure C-4: Empirical relation between the result of the KF titration and the humidification 
time. 
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Figure C-5: Coulometric KF oven with sample processor. 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Figure C-6: Model overview of the calibration of exclusively original samples. The residual 
validation variance plot showed non-consistent correlation results. 
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Figure C-7: Model overview of the calibration with 10 artificially moisturized samples added. 
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Figure C-8: Model overview of Product D with a mixed calibration sample set. 
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Figure C-9: Volumetric KF titration stand. 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Equation C-5: Formula to calculate the water-reagent-equivalence. 
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Equation C-6: Computation of the variance of two successive determination of the reagent’s 
factor. 
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Equation C-7: The result of the terminal water determination should be as close as possible  
to 100 %. 
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Table C-5: Overview of the solvents used for the KF titration. For the methanol an HPLC 
grade should be preferred. 
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Table C-6: The rounded relative deviations were adopted to assess the method comparison 
of NIRA to KF titration. 
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Figure C-10: Moisture content time profile for the parallel determination of 10 samples of 
Product A 20 mg. 
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Figure C-11: X-ray spectrum of Product A 20 mg, one day after lyophilization. 

Figure C-12: X-ray spectrum of the same sample of Product A 20 mg, 41 days after 
lyophilization. 
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Figure C-13: Calibration overview of the model based on equilibrated samples only. 
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Figure C-14: Prediction results for the challenge set of an initial model based on 
equilibrated samples only. 
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Figure C-15: Model overview of a mixed calibration comprising equilibrated and fresh 
samples from the production line. 

Figure C-16: Predicted versus measured plot of the challenge set predicted by the mixed 
model, containing fresh and equilibrated samples from the production line. 
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Figure C-17: Model overview based exclusively on samples from the research batches. 
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Figure C-18: The model with only fresh samples from the research batches still gave poor 
prediction results of the challenge set. 
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Table C-7: Instrument specifications according to their manuals. The S / N-ratio was 
determined by deploying an external Spectralon diffuse reflectance standard. 
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Figure C-19: The plots of the rare earth spectra each with three repetitions a) REF 
spectrometer (1,200 - 2,150 nm) in maximal resolution of 2 nm, b) AOTF maximal resolution 
of 1 nm and c) FT with a resolution of 4 cm-1. 
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Table C-8: Maxima of the three rare earth plots and their deviation from the Labsphere 
certificate. 
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Figure C-20: Photometric response repeatability of three sequenced measurements of a  
10 % reflective standard against the 99 % reflectance standard, a) REF (2 nm, 32 scans),  
b) FT (4 cm-1, 20 scans) c) AOTF (2 nm, 20 scans). 
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Table C-9: Standard Deviation of response intensities. 
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Table C-10: Comparison of the photometric noise. 
$&WBMVBUJPOPGUIFBQQSPQSJBUFBOBMZTJTTZTUFN
 
6TJOH MPXFS SFGMFDUBODF TUBOEBSET MJLF B  DBSCPO CMBDL MFE UP BCPVU GJWF UJNFT
IJHIFSOPJTFMFWFMTXIFSFBTUIFSFMBUJPOCFUXFFOUIFEJGGFSFOUTQFDUSPNFUFSTSFNBJOFE
UIFTBNF"DDPSEJOHMZUIFSFTVMUTPGUIFTFNFBTVSFNFOUTXFSFOPUTIPXO
/PJTF MFWFMTBSFWFSZ MPXWBMVFTBOEDBOFBTJMZCF JOGMVFODFECZTVSSPVOEJOHFGGFDUT
$POTFDVUJWF NFBTVSFNFOUT WBSJFE BMSFBEZ
 CVU NFBTVSFNFOUT PO EJGGFSFOU EBZT
BOZXBZ 5IVT UIJT JOWFTUJHBUJPO TIPVME CF DPOTJEFSFE BT B QSBDUJDBM BQQSPBDI UP
FWBMVBUFUIFJOGMVFODFPGOPJTFJOSFBMBDRVJTJUJPODPOEJUJPOT
5IF NBHOJUVEFT IBE NPSF FYQSFTTJWFOFTT UIBO UIF BCTPMVUF WBMVFT UP FTUJNBUF UIF
TQFDJGJDSFTVMUT5IFMPXFTUBOEUIFSFCZCFTUOPJTFMFWFMXBT
BTJUTIPVMECFFYQFDUFE

BDIJFWFE CZ UIF 3&' TQFDUSPNFUFS "05' MFE UP BMNPTU UFO UJNFT XPSTF SFTVMUT

XIFSFBTUIF'5TOPJTFMFWFMJTBHBJOUXPUJNFTXPSTFUIBOUIF"05'"MTPUIFWBSJBUJPO
CFUXFFOUXPDPOTFDVUJWFNFBTVSFNFOUTXBTUIFIJHIFTUJODBTFPGUIF'5

$IBQUFS$&YQFSJNFOUBM1BSU

B
 
C
 
D
 
Figure C-21: Each plot with two noise spectra, successively scanned and then superposed: 
a) REF increased noise level at higher wavelengths, b) FT higher noise levels at short 
wavelengths, c) AOTF with obviously the lowest resolution. 
$&WBMVBUJPOPGUIFBQQSPQSJBUFBOBMZTJTTZTUFN
 
$ $PNQBSJTPOPGNPEFMQFSGPSNBODF
'PSUIFOFYUDPNQBSJTPOFYQFSJNFOUTBTFUPGMZPQIJMJ[FETBNQMFT1SPEVDU"NH
FYDFQUPGPVUMJFSTXBTDPNQPTFE4PNFPG UIFNXFSFDPOEJUJPOFEUPDPWFSBCSPBEFS
DBMJCSBUJPOSBOHF"DDPSEJOHUPUIFUBCMFCFMPXTBNQMFT	XBUFSDPOUFOU

XFSF DIPTFO BT DBMJCSBUJPO TFU BOE  	    XBUFS DPOUFOU
 BT JOEFQFOEFOU
WBMJEBUJPOTFU
SFTQFDUJOHBIPNPHFOPVTEJTUSJCVUJPOPWFSUIFFOUJSFDBMJCSBUJPOSBOHF
"MMPGUIFNXFSFTDBOOFEPOFBDIPGUIFTQFDUSPNFUFSTBOEBGUFSXBSETUJUSBUFECZ,'
NFUIPE $PSSFTQPOEJOHMZ BMM UIF NPEFMT SFMJFE PO FYBDUMZ UIF TBNF TBNQMFT BOE
SFGFSFODFEBUB5IFSFBEJOHTPGUIF,'UJUSBUJPOBSFHJWFOJOUIFBQQFOEJY

Figure C-22: The MS corrected band of spectra of the AOTF (above; 2 nm, 10 scans) and the 
REF (below; 2 nm, 32 scans). The higher spectroscopic resolution of the REF spectrometer 
became evident. The variation in water content was visually recognizable between 1,850 and 
2,050 nm. 
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Figure C-23: Exemplary the multiplicative scatter corrected array of the FT spectra acquired 
with a 16 cm-1 resolution and a single scan mode. The high resolution is overlaid by much 
noise, for FT instruments typically on the edges of the scale in particular. 
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Table C-11: The correlation coefficient and SECV out of FCV of the Unscrambler MSC 
models. Without respect to the source of the spectral data the Unscrambler computed an 
acceptable correlation with only two PCs. 
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Table C-12: The prediction results of the external validation set performed by the respective 
MSC Unscrambler models. 
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Table C-13: Correlation and SECV computed with MSC pretreatment performed by the 
corresponding software. 
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Table C-14: Prediction results referring to the validation set with MSC pretreatment of the 
corresponding software. 
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Table C-15: Results of a selection of the computed example PLS models. 
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Table C-16: Overview of the benchmarks of the 8 models. 
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Figure C-24: Scatter plot of the correlation versus SECV of the models with the entire 
spectral range from 1,100 - 2,150 nm. 
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Figure C-25: Scatter plot of the correlation versus SECV of the models with the reduced 
spectral range from 1,814 - 2,036 nm. 
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Figure C-26: NIR spectra of ’good’ and ’bad’ samples. The distinction at the position of the 
water band (1,940 nm) is clear. The lower group of spectra corresponds to samples with 
less than 1.4 % water, the upper group to samples with more than 2.0 %. 
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Equation C-8: Computation of yi. 
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Figure C-27: This histogram of the sample distribution illustrates the two distinct calibration 
sets. 
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Figure C-28: The residual validation variance plot shows that only one PC is required for 
this calibration. 

Figure C-29: The scores plot confirms the validation variance plot and shows the two 
separate groups as distinguished by the first principal component. 
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Table C-17: Assessment of validation work relating to quantitative or qualitative calibrations 
in practice. 
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Figure C-30: Simulation of an in-line total quality inspection of lyophilized vials by NIRS. 
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Figure C-31 : The averaged raw spectra of 8 scans taken with velocities between 100 and 
300 vials per minute. 
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Figure C-32: The average raw spectra of 5 scans taken with velocities between 100 to 300 
vials per minute. 

Figure C-33: With 8 scans per sample the lines were arranged in a clockwise manner. 
Already the spectra taken with velocities superior to 220 samples per minute were weighted 
differently in comparison to the other ones. 
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Figure C-34: The PCA computed with spectra based on 6 scans reduced the scores scale to 
about the half. The sample sets measured with more than 260 per minute still showed the 
separation effect like in the setting with 8 scans. 

Figure C-35: With 5 scans the scale dimension was reduced again. As all the lines were 
superposed the velocity influence seemed to have disappeared. The distinctive quality 
found was now the water variation within one velocity series. 
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Table C-18: Summary of the number of scans applied in the future with regard to the 
respective vial diameter, but without respect of the rotary speed. 
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Figure C-36: Overview of the full cross validated calibration set for the quantitative model 
Product B. 
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Table C-19: Summary of the calibration of Product B. 
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Table C-20: Statistical summary of the accuracy by method comparison assay. 
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Figure C-37: KF measured versus NIR predicted water values of the external validation set. 
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Table C-21: Summary of the prediction results of the external validation set of Product B. 
5IF4&1PGXPVMESFRVJSFBSPVOEFESFBEKVTUNFOUPGUIFBDDFQUBODFMJNJU	"-
UP
BDDPSEJOHUPUIFGPMMPXJOHGPSNVMB
%5.23%3 =⋅−= 6(3$/ 
Equation C-9: Computation of the acceptance limit (AL) with a statistical 99 % confidence 
interval. 
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Table C-22: Repeatability results of 10 measurements each performed on one sample of 
regular, intermediate, or high moisture content. 
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Table C-23: Precision by repeatability assay of 3 measurements of 10 different samples 
spread over the calibration range. 
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Table C-24: Dryer-shelf temperatures according to the products. 
'PMMPXJOHUPUIFEJTDIBSHFPGUIFUSBZTPGQSPEVDUT
UIFZXFSFFJUIFSGJSTUQVUPOUPNFUBM
USPMMFZTPSEJSFDUMZUSBOTGFSSFEUPBUVSOJOHUBCMF5IJTUBCMFGFEUIFWJBMTUPUIFDSJNQJOH
NBDIJOF BOE BGUFS CFJOH DBQQFE UIF DPOUBJOFST GPMMPXFE UIF DPOWFZFS CFMU GPS BOZ
GVSUIFS RVBMJUZ DPOUSPM )FSF
 JO GVUVSF UIF /*3 JOTQFDUJPO TIPVME CF JOUSPEVDFE
%FQFOEJOH PO UIF QSFDPOEJUJPOT UIF TBNQMFT UIFPSFUJDBMMZ DPVME BSSJWFXJUI EJGGFSFOU
UFNQFSBUVSFT "DUVBM UFNQFSBUVSF NFBTVSFNFOUT PO UIF SFTQFDUJWF DPOWFZPS CFMU
EFNPOTUSBUFEUIBUEVSJOHUIFIBOEMJOHUJNFUIFTBNQMFTXFSFBMSFBEZBEBQUFEUPUIF
BNCJFOUUFNQFSBUVSF5ISPVHIXJOUFSBOETVNNFSUIF SPPNTXFSFBJSDPOEJUJPOFEUP
UP$
TPUIBUOPTFSJPVTEFWJBUJPOTIPVMEFWFSBQQFBS/FWFSUIFMFTT
JUXBTUSJFE
UPRVBOUJGZUIFJNQBDUPGUFNQFSBUVSFWBSJBUJPOTPOUIFQSFDJTJPOPGUIF/*3BOBMZTJT
¾ 1SPDFEVSF
5FOWJBMTXFSFTUPSFEGPSBUMFBTUUISFFEBZTJOBVTVBMSFGSJHFSBUPSBUBCPVU$UP
BTTVSF UIFZ XFSF DPNQMFUFMZ DIJMMFE 5IF TBNQMFT XFSF UBLFO PGG BOE JNNFEJBUFMZ
$IBQUFS$&YQFSJNFOUBM1BSU

DIBSHFEPO UIFTJNVMBUPSTTUBSXIFFM5IFTBNQMFTXFSFNFBTVSFEDPOUJOVPVTMZVOUJM
UIFZ UPPLBNCJFOU UFNQFSBUVSF
XIBU UPPLBQFSJPEPGBCPVUNJOVUFT5IFTBNQMF
UFNQFSBUVSFXBTEFUFSNJOFECZBDPOUBDUMFTT JOGSBSFE UIFSNPNFUFS 	-VUSPO5.

5IF BDDVSBUF UFNQFSBUVSF EFUFSNJOBUJPO BQQFBSFE UP CF EJGGJDVMU
 BT UIF SFXBSNJOH
UJNFPGUIFWJBMTXBTTIPSUBOEUIFTUBSXIFFMXBTBMXBZTJOSPUBUJPO
5JNF<NJO> .FBTVSFNFOU 5FNQFSBUVSF<$>
  
  
  
  
Table C-25: Approximate re-warming time and the corresponding number of measurements. 
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Figure C-38: The water content of three representative samples was plotted against the 50 
measurements taken within 15 minutes. The lines may suggest a slight upward trend, but 
the low correlation indicated a very poor significance. 
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Table C-26: The ANOVA analysis results with a single variation factor performed for 10 of 
the 50 measurements of 10 samples. With SS = sum of squares, df = degrees of freedom, 
MS = mean sum of squares, F = test statistic, P-value = correlation coefficient, and  
Fcritical = acceptance limit of the test statistic. 
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Table C-27: All the 10 samples were measured at each of the 4 velocities from 100 to 300 
samples per minute and then predicted. The plotted SD is the average of the within sample 
SDs. 
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Table C-28: Table equivalent to Table C-27 without the highest measurement velocity of 300 
samples per minute. 
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Table C-29: The results of the repeatability test at a constant rotational speed with 270 / min 
were assessed with those of the velocity trial. The corresponding SDs were compared by a 
Student’s t-test with 95 % confidence interval, and the means with an acceptance limit for 
the difference of maximal 2.0 %. Both results matched to the requirements. 
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Figure C-39: Histogram of the calibration set. 
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Figure C-40: Histogram of the validation set. 
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Figure C-41: Model overview for Product C quantification. 
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Table C-30: Summary of the experimental model of Product C 150 mg. 
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Figure C-42: Predicted versus measured plot of the independent validation set. 
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Table C-31: Summary of all the vials being detected as Product C 150 mg. 
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Table C-32: Summary of all the outliers being detected during the inspection. 
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Table C-33: Results of the KF titration of the rejected and crystallized vials. 
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Equation D-1: Computation of the NPV, with the interest i, the net cash-flow G0 of the year 1 and 
the years 1 to n. 
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Equation D-2: The computation only leads to unique results if the cash-flow leads to exactly 
one change of a leading sign. Most likely this is the case. 
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Table D-1: Composition of the estimated capital expenditure costs for the in-line project. The 
sum of expenditure is given in money equivalents (ME). 
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Figure D-1: Illustration of the different categories of cost of quality. 
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Table D-2: Manufacturing prices of the lyophilized Products A – D in money equivalents (ME). 
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Table D-3: Readjusted benefit accounting based on the volume forecast March, 2003. All the 
monetary values are given in money equivalents (ME). 
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Figure D-2: Illustration of the discounted investment at t0 about a limited payback period. 
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Table D-4: Results of the business accounting regarding NPV, IRR, and the payback period. 
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Equation F-1: Computation of the absorbance, with I = intensity of radiation passing through or 
reflected from the sample, I0 = intensity of the incident light energy from the source, and T and 
r = transmittance and reflectance, respectively. 
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Equation F-2: Computation of the transmittance T, with I = intensity of the radiation transmitted 
through the sample; I0 = intensity of the radiant energy incident on the sample including losses 
due to solvent absorption, refraction, and scattering. 
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Equation F-3: Computation of the bias, with yi = predicted constituent value, 3\ˆ = true 
constituent value of the respective yi, and N = population size. 
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Equation F-4: General formula of the computation of the correlation coefficient (r) between two 
variables x and y. 
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Equation F-5: Formula of the hypogemoetric distribution, with x = number of success in the 
sample, n = size of the sample, M = number of success in the population, and N = population 
size. 
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Equation F-6: Computation of the mean of a population N. 
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Equation F-7: Calculation of the RMSEP, with i = true constituent value,  
\i = predicted constituent value; and N = population size. 
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Equation F-8: Computation of the Standard Deviation (SD), with [  = mean of the population,  
[i = value of a specific sample i, and N = size of the population. 
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Equation F-9: Computation of the SDrel. 
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Equation F-10: Paired computation of the Standard Deviation ( JKML N O P6' ), with Q[ˆ  = true value of 
a sample i, [i = assumed value of the same sample i, and N = size of the population. 
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Equation F-11: The generally accepted formula for the computation of the SEP, with i = true 
constituent value, \ T  = predicted constituent value; and N = population size. 
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Equation F-12: Relationship between RMSEP and SEP. 
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Equation F-13: Computation of the SEP according to the Unscrambler, with i = true constituent 
value, \i = predicted constituent value, N = population size; corrected by the respective bias. 
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Equation F-14: Computation of the SEP according to Vision 2.51, with i = true constituent 
value, \i = predicted constituent value, N = population size; corrected by K = number of 
Principal Components (PC) for the respective calibration. 
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Equation F-15: The formula returns the probability t associated with a paired Student’s t-test, 
with N = size of the population, and SD2paired x = squared paired SD of the corresponding 
underlying population. 
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Equation F-16: Computation of f = degrees of freedom. 
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Figure F-1: TGA Product A 40 mg. 

Figure F-2: TGA Product B. 
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Figure F-3: TGA Product C 150 mg. 

Figure F-4: TGA Product D. 
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Table F-1: Calibration and validation sample sets of evaluation of the appropriate analysis 
system. 
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Table F-2: Sample set Product A 20 mg, static scan mode evaluation. 
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Table F-3: The spectra of all samples marked with an x were recorded three times. Between the 
measurements the samples were rotated. 
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Table F-4: The spectra of all samples marked with an x were recorded three times. Between the 
measurements the samples were rotated. 
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Figure F-5: Diameter 22.0 mm, 60 – 150 samples per minute, 8 scans. 

Figure F-6: Diameter 22.0 mm, 60 – 150 samples per minute, 7 scans. 
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Figure F-7: Diameter 22.0 mm, 60 – 150 samples per minute, 6 scans. 

Figure F-8: Diameter 22.0 mm, 60 – 150 samples per minute, 5 scans. 
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Figure F-9: Diameter 26.5 mm, 60 – 150 samples per minute, 10 scans 

Figure F-10: Diameter 26.5 mm, 60 – 150 samples per minute, 9 scans. 
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Figure F-11: Diameter 26.5 mm, 60 – 150 samples per minute, 8 scans. 

Figure F-12: Diameter 26.5 mm, 60 – 150 samples per minute, 7 scans. 
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Figure F-1: Diameter 42.5 mm, 26 – 70 samples per minute, 16 scans. 

Figure F-2: Diameter 42.5 mm, 26 – 70 samples per minute, 14 scans. 
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Figure F-3: Diameter 42.5 mm, 26 – 70 samples per minute, 12 scans. 

Figure F-4: Diameter 42.5 mm, 26 – 70 samples per minute, 10 scans. 
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Table F-5: Repeatability results of 10 measurements performed on one sample with a typical 
moisture content. 
3FQFUJUJPO 1SFEJDUFEY  <> [[  −

( )
[
[[  100⋅−

  & 
  & 
  & 
  & 
  & 
  & 
  & 
  & 
  & 
  & 
.FBO  4%& 4%SFM
Table F-6: Repeatability results of 10 measurements performed on one sample of average 
moisture content. 
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Table F-7: Repeatability results of 10 measurements performed on one sample of high moisture 
content. 
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Table F-8: Precision by repeatability assay of 3 measurements of 10 different samples spread 
over the calibration range. 
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Table F-9: All the 10 samples were measured at each of the 4 velocities and then predicted. The 
plotted SD is the average of the within sample SDs. 
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Table F-10: Table equivalent to Table C-27 without the highest measurement velocity of 300 
samples per minute. 
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Equation F-17: Conversion formula for wavenumbers to wavelength units. 
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Equation F-18: Conversion table of wavelengths to wavenumbers. 
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